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The	 proneural	 gene,	 Atoh1,	 is	 necessary	 and	 in	 some	 contexts	 sufficient	 for	 early	 inner	 ear	 hair	 cell	
development.	Its	function	is	the	subject	of	intensive	research,	not	least	because	of	the	possibility	that	it	
could	 be	 used	 in	 therapeutic	 strategies	 to	 reverse	 hair	 cell	 loss	 in	 deafness.	 However,	 it	 is	 clear	 that	




Atoh1	 to	 act	 as	 a	 mechanosensory	 cell	 fate	 determinant	 in	 the	 context	 of	 the	 inner	 ear	 are	 largely	









like	 hearing,	 balance,	 proprioception	 and	 touch	 rely	 on	 these	 specialized	 mechanoreceptors,	 which	
display	unique	physiological	characteristics	not	observed	in	any	other	cell	type.	Despite	their	specialized	
function	 (1),	mechanosensory	 cells	 exhibit	 a	 great	diversity	 in	 terms	of	 shape,	 structure	 and	 cell	 type	
across	 animal	 phyla.	 The	 mechanoreceptors	 that	 have	 evolved	 to	 detect	 sound	 and	 proprioceptive	
movement	in	invertebrates	and	vertebrates	are	a	good	example	of	such	diversity.	In	Drosophila,	ciliated	
sensory	neurons	 found	 in	 chordotonal	organs	 (CHOs)	 such	as	 the	 Johnston’s	organ	 (the	 fly’s	 antennal	
hearing	 apparatus)	 detect	 sound	 and	 movement	 through	 a	 mechanotransduction	 unit	 located	 in	 its	
sensory	cilium	(2,	3).	In	contrast,	the	vertebrate’s	auditory	function	is	mediated	by	an	epithelial	sensory	
receptor	(known	as	the	hair	cell)	that	lacks	an	axon	and	is	innervated	by	non-mechanosensory	neurons.	








vertebrate	 homolog	 Atoh1	 play	 a	 critical	 role	 in	 the	 commitment	 of	 progenitors	 towards	 these	
mechanosensory	 fates.	 The	 role	 of	 Atonal/Atoh1	 in	mechanosensory	 cell	 development	 has	 been	 the	






























formation	 of	 supernumerary	 hair	 cells	 in	 the	 inner	 ear.	 However,	 this	 ability	 is	 confined	 to	 early	






















no	 data	 on	 Atoh1	 binding	 sites	 in	 hair	 cells	 or	 dorsal	 interneurons:	 Atoh1	 ChIP-seq	 experiments	 are	
problematic	 due	 to	 the	 very	 small	 numbers	 of	 these	 cell	 types	 (25,	 26).	 Nonetheless,	 the	 studies	 in	
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intestine	 and	 cerebellum	 provide	 a	 good	 example	 of	 how	 cellular	 context	 is	 able	 to	 induce	 dramatic	
changes	in	Atoh1	DNA-binding	site	occupancy.	This	leads	us	to	an	important	question:	what	modulates	
Atoh1	 DNA-binding	 preferences	 in	 these	 different	 contexts?	 	We	 do	 not	 yet	 have	 an	 answer	 to	 this	
question,	although	there	may	be	much	to	learn	from	our	understanding	of	the	context-dependent	activity	













such	 as	DNase1	hypersensitivity,	 have	been	applied	 to	 intestinal	 crypt	progenitors	 in	 the	presence	or	
absence	 of	 Atoh1	 (23).	 Enhancers	 normally	 bound	 by	 Atoh1	 showed	 the	 same	 chromatin	 access	 and	
histone	activation	pattern	in	Atoh1	depleted	crypt	progenitors	(23),	indicating	that	Atoh1	does	not	control	
the	initiation	and	maintenance	of	chromatin	accessibility	and	epigenetic	modification	changes	in	intestinal	
progenitors.	 It	 therefore	 seems	 likely	 that	 chromatin	 remodeling	 precedes	 Atoh1	 binding,	 raising	 the	
possibility	that	the	chromatin	landscape	may	have	a	prominent	role	in	controlling	Atoh1	activity.	If	this	
also	applies	to	the	inner	ear,	a	temporally	changing	chromatin	environment	may	govern	the	competence	
of	 the	 ear	 to	 respond	 to	Atoh1	 expression.	 It	 is	 also	 tempting	 to	 speculate	 that	 the	 cell	 type-specific	




functions	 upstream	 of	 Atoh1	 in	 prosensory	 progenitor	 specification	 (7,	 32,	 33).	 It	 is	 known	 to	 affect	







and	protein	 stability	 of	 several	 bHLH	proteins	 (27,	 36,	 37).	 In	 the	 case	 of	Atoh1,	 recent	 studies	 of	 its	
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result	 in	 a	 specific	 combinatorial	 expression	 of	 transcription	 factors.	 These	 ‘combinatorial	 codes’	 of	
transcription	factors	help	to	explain	context-dependence	of	transcription	factor	binding	in	many	different	
cell	types	(40,	41).	Therefore,	the	cell-type-specific	cooperation	between	transcription	factors	at	enhancer	








































by	 recruiting	 chromatin	 regulatory	 complexes	 such	 as	 histone	 demethylase	 complex	 (LSD1/CoRest),	
histone	deacetylases	(HDACs	1-3)	and	histone	methyltransferase	(G9a)	(55-57).	At	Gfi1	DNA	target	sites,	
these	 corepressors	 and	 enzymes	 remove	 active	 histone	modifications	 and	 apply	 repressive	marks	 to	
prevent	 transcription	 and	 potentiate	 long-term	 changes	 in	 chromatin	 structure.	 The	 SNAG	 domain	 is	
necessary	 for	 the	 recruitment	 of	 the	 LSD1/CoRest	 complex	 whilst	 interactions	 with	 other	 histone-
modifying	enzymes	(HDACs	and	G9a)	are	mediated	via	the	intermediary	and	zinc-finger	regions	of	the	Gfi1	
protein	(56,	57).	Despite	these	varied	interactions,	a	single	mutation	in	the	SNAG	domain,	which	disrupts	
the	 interactions	 with	 the	 LSD1/CoRest	 complex,	 leads	 to	 a	 phenotype	 apparently	 identical	 to	 that	
observed	 in	 Gfi1	 null	 mice	 in	 both	 hematopoietic	 and	 non-hematopoietic	 systems	 (57,	 58).	 Further	


















hematopoietic	 system.	 In	 addition,	 studies	 on	 a	 second	 family	member,	Gfi1b,	 indirectly	 suggest	 that	
Gfi1’s	 intermediary	domain	may	be	 important	 for	 its	 function	 in	 the	context	of	 the	 inner	ear.	Gfi1b	 is	
important	 in	hematopoiesis	but	 is	not	required	in	hair	cell	development.	 Interestingly,	when	the	Gfi1b	















The	Drosophila	 orthologue	of	Gfi1	–	 Senseless	 (Sens)	–	 is	 expressed	 in	 several	 cell	 types,	 including	all	
sensory	neurons.	In	the	peripheral	nervous	system	the	mutant	phenotype	of	Sens	resembles	that	of	Gfi1	
in	 the	 vertebrate	 inner	 ear	 in	 that	 sensory	 cells	 are	 specified,	 but	 fail	 to	 differentiate	 properly	 and	
eventually	die	(63).	Like	Gfi1,	Sens	acts	as	a	DNA-binding-dependent	transcriptional	repressor	(63,	64),	
but	 there	 is	 also	 strong	 evidence	 that	 Sens	 can	 activate	 transcription	 by	 promoting	 the	 activity	 of	
proneural	bHLH	transcription	factors	(Fig.	2).	Sens	directly	binds	to	proneural	proteins,	including	Atonal,	
via	its	Zn-finger	domains	(24,	64-66).	This	interaction	enhances	the	activity	of	the	bHLH	factor	at	its	target	
genes.	 One	 of	 the	 affected	 targets	 appears	 to	 be	 bHLH	 gene	 autoregulation	 itself.	 Sens	 is	 therefore	
thought	to	be	an	important	regulatory	switch	for	proneural	bHLH	expression	and	function	during	sensory	
precursor	 specification,	 on	 the	one	hand	 acting	 as	 a	 repressor,	 but	 also	 able	 to	 act	 as	 a	 co-activator.	





Nevertheless,	 it	 is	 possible	 that	 the	 protein	 interactions	 demonstrated	 in	Drosophila	 sensory	 neuron	
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development	are	conserved	 in	hair	 cell	development.	The	ability	of	Atonal	and	Atoh1	 to	 replace	each	







directly	 to	 particular	 transcription	 factors	 thereby	 inhibiting	 their	 activity	 (70,	 71).	 Whilst	 these	
















stages,	 or	 alternatively	 that	 Atoh1	 and	 Gfi1	 cooperate	 in	 regulating	 survival.	 The	 time	 course	 of	



























caused	by	 the	 loss	 of	Pou4f3,	 however,	 is	more	pronounced:	 unlike	Gfi1,	 deletion	of	Pou4f3	 leads	 to	

























In	 addition	 to	 these	 interactions,	Unc-86	 interacts	with	 the	 Lim	 homeodomain	 (Lim-HD)	 transcription	
factor	 Mec-3	 to	 synergistically	 co-regulate	 downstream	 targets	 necessary	 for	 touch	 receptor	























out	mouse,	 neuronal	markers	 were	 aberrantly	 expressed	 in	 the	 outer	 hair	 cells	 (47).	 This	 is	 strongly	









experimentally	 tractable	 system.	 This	 may	 bring	 some	 clarity	 to	 the	 intriguing	 question	 of	 how	
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Atonal/Atoh1	conserves	the	ability	to	drive	mechanosensory	cell	differentiation	across	invertebrate	and	
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(S)	 of	 bristle	 and	 chordotonal	 organs	 (the	 fly’s	 mechanotransduction	 organs).	 The	 upregulation	 of	









via	 Notch	 signaling.	 Next,	 several	 prosensory	 patches	 are	 specified	 (regions	 where	 cochlear	 and	
vestibular	epithelia	will	develop).	Sox2	is	expressed	and	plays	an	important	role	in	the	specifications	of	
these	domains.	Subsequently,	the	expression	of	the	bHLH	Atoh1	in	the	prosensory	patch	initiates	the	




















bound	 to	 DNA,	 and	 as	 a	 transcriptional	 co-activator	when	 bound	 to	 Atonal	 or	 other	 bHLH	 proneural	
factors.	When	 acting	 as	 a	 co-activator,	 Sens	 is	 proposed	 to	 stimulate	 proneural	 gene	 autoregulation,	
thereby	promoting	sensory	precursor	specification.	E	is	the	bHLH	E	protein	dimerisation	partner.	
	
